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Dredging-Induced Near-Field Resuspended Sediment Concentrations and Source
Strengths (MP D-95-2)

ISSUE: Dredginginriverine,lacustrine,and
estuarineenvironmentsresuspendbottom
sedimentsintotheoverlyingwatercolumn.Dk-
persaloftheseresuspendedsedimentsmaypose
waterqualityproblemsinwatersnearthedredg-
ingoperations.Possiblereleaseofcontaminants
adsorbedonsedimentparticles,alterationofthe
physiocochemicalpropertiesofoverlyingor
nearbywaters,andtheresettlingofsedimentsin
environmentallysensitivewatersdistantfrom
thedredgingoperationarepotentialproblems.

RESEARCH: This research entailed field
studies to assess the suspended sediment concen-
trations in the water column in the vicinity of
various dredge types. These concentration data
were combined with conceptual models for re-
suspended sediment source strength geometries
and velocity patterns to estimate sediment
source strengths for butterhead and clamshell
dredges.

SUMMARY: The resuspended sediment source
models developed in this study, although unveri-
fied, provide a starting point for a more thorough
analytical evaluation of the entire resuspension,
transport, and deposition process.

AVAILABILITY OF REPORT: The report is
available on Interlibrary Loan Service horn the
U.S. Army Engineer Waterways Experiment
Station (wES) Library, 3909 Halls Ferry Road,
Vicksburg, MS 39180-6199; telephone (601)
634-2355.

To purchase a copy, call the National Technical
Information Service (NTIS) at (703) 487-4780.
For help in identifying a title for sale, call (703)
487-4780. NTIS report numbers may also be
requested from the WES librarians.
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Conversion Factors, Non-Sl To
S1 Units of Measurement

Non-SI units ofmeasurement used in this report can be converted to S1units
as follows:

Multiply By To Obtain

cubic feet 0,02831685 cubic meters

cubic yards 0.7645549 cubic meters

degrees 0.01745329 radians

feet 0.3048 meters

inches 2.54 centimeters

gallons 3.785412 cubic decimeters

square feet 0.09290304 square meters

Note: Source Strength Conversion
1 (millicvam/liter) (cubic feet/second) = 0.0283 grams/second

.
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Vlll



Background

1 Introduction

Dredging in riverine, lacustrine, and estuarine environments introduces
bottom sediments into overlying waters because of imperfect entrainment and
incomplete capture of sediments resuspended during the dredging process and
thespillage or leakage of sediments during subsequent transportation and
disposal of the dredged sediments. Resuspension of bottom sediments and
resulting dispersal may pose water quality problems in waters near the dredg-
ing operations. Possible release of contaminants adsorbed on sediment parti-
cles or residing ininterstitial bottom sediment waters, alteration of the
physicochemical propetiies ofoverlying or nearby waters, andthe resettling of
sediments in environmentally sensitive waters distant from the dredging opera-
tion are a few of thepotential environmental problems.

Different types of dredges anddredging operations produce differing
amounts of sediment resuspension. Predictions of resuspension and dispersal
can provide a basis for improved operation and management of dredging
activities. Such estimation requires information about the physical characteris-
tics of thesediment being dredged andthetype ofdredge being considered
and its particular operating characteristics. This report provides a physically
based quantitative description of sediment resuspension in the close vicinity of
certain types of dredges studied under the U.S. Army Corps of Engineers
Improvement of Operations and Maintenance Techniques (IOMT) Research
Program. 1

Purpose

Theamount of bottom sediments resuspended in the waters above, below,
and around dredges can be described in terms of either (a) sediment concen-
trations inthevicinity of thedredges during their operation, or (b) rates of
resuspended sediment generation at the source. The identiilcation of param-
eters affecting such sediment concentrations and the characteristics of the

.

1 For convenience,abbreviationsare listed in AppendixB.

Chapter 1 Introduction



resuspended sediment sources provide insight into the impacts of dredging
operations. Such identification should bean integral element inthe mathe-
matical description of the entire sediment resuspension, advection, anddis-
persion process occurring inthegeneral vicinity ofoperating dredges. This
report provides afield-based description of dredging-induced resuspended
sediment concentrations and proposes certain mathematical models for dredge-
induced resuspended sediment sources.

Scope

This report deals only with resuspension of sediments attributable to the
actual dredging process and does not address the effects of sediment disposal
or other coincidental factors (such as barge and boat traffic, marine construc-
tion, or dredge move-in and setup). Resuspended sediments introduced into
the water column in the immediate vicinity of adredge are subsequently dis-
persedto points near and farabout thedredge by currents, tides, and fluid
turbulence. Indescribing resuspended sediment concentrations and source
strengths, this report focuses upon the sediment conditions found in the imme-
diate vicinity of the dredge and considers only incidentally sediment levels at
greater distances from the dredge.

Because of thecomplex factors that influence sediment resuspension, evalu-
ation of field data is imperative for realistic description of the resuspension
process andestimation ofresuspended sediment source stren@hs. Field data
gathered under the IOMT program are used in this report to describe the sedi-
ment concentrations in the close vicinity of dredge types. These concentration
data are combined with conceptual models for resuspended sediment source
geometries and velocity patterns to estimate sediment source strengths.

Methodology and Limitations

Data sources and characteristics

The present study uses information drawn from several sources (Hayes
1986a, 1986b; Hayes, McLellan, and Truitt 1988; Havis 1988; McLellan
et al. 1989) on field studies conducted during the period of 1982 to 1985 at
the nine dredging sites listed in Table 1. Depending upon the dredge type and
particular site, the data provide information on site and flow conditions, sus-
pended sediment concentrations at various distances and locations about the
dredge, and dredge characteristics and operation.

2

Collection of reliable resuspended sediment data in large-scale field studies,
such as the type conducted under the IOMT program, is inherently difficult
and subject to many potential sources of both random and systematic error.
To effect various analyses, considerable reliance upon temporal and spatial
averaging was necessary to reduce data noise. Thus temporally and spatially

Chapter 1 Introduction



variable effects arising from external effects such as tides and currents are not
specifically identified in the results obtained. However, since the suspended
sediment concentrations of interest are near the dredging operation, these fac-
tors should be of little importance.

Because of both the character and sometimes limited extent of the database
used in various analyses, concentrations developed in this study should be
viewed as preliminary until they are verified by additional field studies.

Concentration analysis and source modeling

The field-measured sediment concentrations are analyzed using physical
and dimensional reasoning and statistical regression to provide, when possible,
a quantitative correlation of resuspended sediment concentrations in the close
vicinity of a dredge. Key physical parameters quantifying flow and site condi-
tions, sediment properties, and dredge and dredging characteristics are used in
the analysis. Resuspended sediment source models incorporating assumptions
as to source geometry and flow patterns are formulated on the basis of physi-
cal reasoning, inferences Ilom field data, and descriptions of dredging opera-
tions reported in IOMT studies. Source strengths are evaluated using these
models in combination with the concentration correlations.

Consequently, resuspended sediment concentrations are based upon actual
field data while sediment source strengths, on the other hand, incorporate both
field data and assumptions about the features of the resuspension process. The
resulting source strength values are mathematical deductions and not directly
measurable. Their verification must be indirectly accomplished through com-
prehensive modeling of the flow field about a dredge. Thus the source
strength models proposed in this report must remain speculative until verified
by future investigations.

Chapter 1 Introduction
3



2 Dredge and Dredging Site
Features

Resuspension of sediments by dredging is affected by dredge and dredging
characteristics, properties of bottom and suspended sediments, and site-
specific conditions such as bottom topography, ambient current, and water
depth. As a necessary preliminary to consideration of these factors in the
dredging-induced sediment resuspension process, this chapter provides a gen-
eral description of the types of dredges operated during the IOMT studies, a
generic description of the flow field about a dredge, a summary of the sedi-
ment characteristics at the dredging sites, and a discussion of the features of
the sediment concentrations measured during the IOMT dredging studies.

Types of Dredges

Two general types of dredges have been studied under the IOMT program
(Table 1): the hydraulic dredge, including butterhead, matchbox, and dustpan
dredge heads on unpropelled dredge plants along with a self-propelled hopper
dredge; and the clamshell bucket dredge, including both closed and open
bucket designs. Detailed descriptions of these various types of dredges have
been provided by Arctic Laboratories et al. (1985), Herbich and Brahme
(1991), the U.S. Army Corps of Engineers, 1 Montgomery and Raymond
(1984), Peterson (1986), and Raymond (1982, 1984). Generally, hydraulic
dredges rely upon a combination of mechanical digging and agitation by a
dredgehead to dislodge the sediment and hydraulic suction to lift the dislodged
sediment from the bottom. Hopper dredges also rely upon mechanical dis-
lodgement and hydraulic suction as do other hydraulic suction dredges, but
differ from other types of hydraulic dredges in that the dredge ship is self-
propelled and better able to operate in open water environments. Clamshell
bucket dredges rely primarily upon bucket impact, claw gouging and digging,
and bucket closure to scoop up and bring bottom sediments to the surface.

* U.S. Army Corps of Engineers, Office of Civil Works. (n.d.). “Dredging,” Engineering
SchoolManual,TheEngineeringCenter,FortBelvoir,VA.

Chapter 2 Dredge and Dredging Site Features



Near and Far Flow Fields and Sediment Sources

Sediments removed from the bottom by a dredging operation are either
collected and entrained by the dredge, then hydraulically or mechanically
removed from the dredging site, or introduced into the water column in the
near vicinity of the dredge. Some sediments introduced into the water column
and not removed by the dredge may resettle almost immediately in the vicinity
of the dredging operation. Other sediments become distributed at various
depths throughout the water column. Sediments that are introduced into the
water column, that are not carried away by the dredge, and that do not imme-
diately resettle, are considered to be the resuspended sediments. Once resus-
pended, these sediments are advected and dispersed in varying amounts in the
flow field surrounding the dredge. Different types and sizes of dredges,
different modes of operation, and different site conditions all result in differ-
ing amounts and rates of sediment resuspension.

Two zones can be identified in the dredging area (Hayesl 1986a): (a) the
near field area immediately surrounding the dredge or dredge head and (b) the
far field exterior to and generally surrounding this near field zone. The sedi-
ment concentrations in the near field are dominated by the mechanical and
hydraulic actions of the dredge and its operation; current- and tidal-induced
advection, dispersion, and settling dominate the sediment behavior in the far
field.

The amount of resuspended sediment and its distribution in the immediate
vicinity of a dredge can be viewed as the result of a source of resuspended
sediment located at the dredge or dredgehead in the central core of the near
field. This source produces a flux of resuspended sediment into the interior,
central zone of the near field. Once in this near field, the resuspended sedi-
ment is conveyed outward in some fashion by a combination of advection,
dispersion, and turbulence toward the outer edges of the near tleld area where
it merges into a far field plume of suspended sediment.

Site and Sediment Characteristics

Table 1 provides a summary description of the dredging sites studied under
the IOMT program. Both inland and coastal areas with a variety of current
and salinity conditions are included. Of particular interest are the types of
sediment at the sites. Generally, the soils are mixtures of clays and silts,
ofien with high organic content and low specific gravity. The low specific
gravity is reflective of the high organic content and sometimes significant
amounts of oil and grease in the sediments.

‘ D. F. Hayes. (1987). “Removal of contaminated aquatk sediments using a butterhead
dredge,” Unpublishedpaper, Departmentof Civil Engineering,Colorado State University,
Ft. Collins, CO.
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Sediment features that influence the magnitude and distribution of resus-
pended sediment in the near field water column common to all types of dredg-
ing operations are (a) the physical character of the sediments being dredged,
as can be quantified by grain size and distribution and specific gravity (rela-
tive to the overlying waters) of the sediments, (b) the condition of the in situ
sediments as reflected by in situ bulk density, void ratio, and similar physical
measures, and (c) the physiochemical characteristics of the sediment or the
overlying waters, such as salinity, which might affect colloidal behavior and
consequent settling of sediment particles.

In the analyses described in this report, only median grain diameter (as
determined by standard grain size analysis methods) and specific gravity of the
in situ sediments are used to distinguish between sediment characteristics at
the different dredging sites (Table 1); data availability precluded consideration
of other factors. Even with restriction to these two physical parameters, how-
ever, available site data did not always provide specific information on median
grain diameter or specific gravity. In the Calumet River study, a reasonable
estimate of these parameters could be made using the data from the nearby
Calumet Harbor study. The median grain size at the Savannah River site was
estimated, on the other hand, by using data for the Savannah Harbor area pre-
sented in a study of dredging sites by Bartos (1977) as summarized by
Herbich and Brahme (1991). The median grain size at the Black Rock Harbor
site was estimated by extrapolation of partial grain size curves, which did not
extend as low as the median grain size. Because of the small median grain
size and the sometimes low specific gravity of the dredged sediments, settling
velocities are small. (For example, a particle with a median grain size and
specific gravity similar to that at the Calumet Harbor site has a fall velocity of
0.02 @s according to Stokes’ law, while that of the Savannah Harbor site has
only a 0.002-i@ fall velocity.)

Sediment Concentration Data

Field data collection procedures

Detailed discussions on the field procedures for collecting and analyzing
the suspended sediment data at the various dredging sites can be found in
McLellan et al. (1989); Hayes, McLellan, and Truitt (1988); Hayesl (1986a);
and Vann2 (1983). In general, water samples were collected from various
depths in both the far and near field areas surrounding the dredge during
actual dredge operation at various radial distances and angles relative to the

] D. F. Hayes. (1987). “Removalof contaminatedaquatic seciimentsusing a cutterheacl
dredge,” Unpublishedpaper, Departmentof Civil Engineering,ColoradoState University,
Fort Collins, CO.
2 R. G. Vann. (n.d.). “James River, Virginia dredgingdemonstrationin contaminated
material (kepone), dustpan versus butterhead,” Report, U.S. Army Engineer District, Norfolk,
Norfolk, VA.
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dredge. At the sites where a butterhead dredge was operating, the near ileld
samples were collected from a multiple port sampling array located very near
the butterhead on the dredge ladder (see Table 2 for the relative location of
sampling tubes on butterhead dredges; also see Hayes, McLellan, and Truitt
(1988) for a detailed description of a butterhead dredge sampling array).

Background concentrations

Background suspended sediment concentrations (see Table 1 for representa-
tive values) were collected in a manner similar to that for the far field concen-
trations taken during dredging operations. The background samples for the
near field were taken in the general vicinity of the actual dredge operation
during a period of nondredging but at a time near the near field sampling with
the dredge in operation (e.g., on the day immediately before that for which
samples were taken during actual dredging). Background concentrations at
points near the dredge or dredgehead were estimated by spatial and temporal
extrapolation or interpolation of the measured background concentrations.
These background concentrations at the various dredging sites are provided in
Appendices D, G, I, O, R, T, V, W, and X.

Different techniques were used to estimate the background concentrations,
depending upon the character and quantity of background data available. In
some cases, a simple average of all measured data was used, while in other
cases, horizontal and vertical variations of measured concentrations were con-
sidered. At some sites, background concentrations varied little, while at
others, varying current and tidal flows resulted in significant variations. In all
cases, the background concentrations were determined independently of the
concentrations observed during dredging operations.

Dredging-induced concentrations

Bottom sediments disturbed or removed by the mechanical and hydraulic
actions of a dredge are either entrained and collected by the dredge, then con-
veyed to some release or disposal point, or mixed with background suspended
sediment to remain in the water column in and around the dredging operation
until resettling at some possibly distant point some later time. The difference
between measured total suspended solids concentration at a point and the esti-
mated background suspended solids concentration at that same point is
assumed to represent the increase in sediment concentration due to the dredg-
ing operation. This net concentration difference is the resuspended sediment
concentration discussed in this study, for which concentration correlations and
resuspended sediment source strengths are provided. Unless otherwise speci-
fied, all further mention of resuspended sediment concentration refers to this
quantity. These concentration will frequently be referred to as the observed
or measured concentrations; it is recognized that such reference is not pre-
cisely true, since only total sediment concentrations were measured in the
field. Such reference is made only as a convenience to easily identify the
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resuspended sediment concentrations computed from measured total concen-
trations by subtraction of an estimated background concentration.

However, while such a net concentration difference, in view of the level of
precision possible in the IOMT field studies to date, is a very appropriate
quantity for assessing dredging effects, it is recognized as not necessarily
being the most accurate. Background sediments in the water column may
have significantly different physical or chemical characteristics from those
introduced into the water column by a dredging operation. Resuspended
sediments may alter the flocculation characteristics of the background sus-
pended sediment particles and thereby affect their settling behavior. Such
effects could be accentuated by salinity levels independent of the dredging
operation. Fortunately, such effects can be generally expected to be of sec-
ondary importance in the near field area where resuspension is dominated by
large mechanical and fluid forces.
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3 Resuspended Sediment
Concentrations

Near field dredging-induced resuspended sediment concentrations are
strongly dependent upon the type of dredge and its operation. Key dimen-
sions, mechanical and hydraulic features, and operating characteristics of a
dredge can be used in conjunction with sediment properties to broadly predict
the varying levels of resuspended sediment concentrations that may exist in the
close vicinity of a dredge. However, actual measurement of suspended sedi-
ment concentrations in the near field around an operating dredge is difficult
and, for certain types of dredges, potentially dangerous. Consequently, esti-
mation of resuspended sediment concentrations in the central regions of the
near field flow zone about a dredge may require inference from concentrations
at greater distances rather than being determinedly direct measurement.

Near field resuspended sediment concentrations used for this study and the
methods used for their determination from field measurements follow. For
butterhead and clamshell bucket dredges, these concentrations are correlated
with dredge and dredge operating characteristics and sediment properties.

Cutterhead Suction Dredges

Three studies (Table 1) have specifically examined sediment resuspension
by butterhead dredges. The conditions at the sites and the operating condi-
tions of the dredges at the three sites, collectively, span a wide range of con-
ditions, thus making these studies potentially very useful for examination of a
variety of factors influencing sediment resuspension. However, data collec-
tion in the earlier two of the studies (i.e., the James River and the Savannah
River studies) was not as complete nor as controlled as in the later Calumet
Harbor study. As a result, in comparison to the Calumet Harbor data, consid-
erable apparent random error exists in the data for both the James River and
the Savannah River studies. Conclusions based solely upon these data should
therefore be viewed with caution. Conversely, more confidence can be placed
in deductions about resuspended sediment concentrations based upon the
Calumet Harbor data.
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Concentrations at butterhead

Cutterhead dredges agitate, loosen, and dislodge bottom sediments with a
combination of mechanical digging and gouging by a multiblade, rotating but-
terhead. Hydraulic suction forces draw sediment-enriched waters upward
through and around the butterhead blades into a suction pipe extending along
the butterhead ladder arm. Sediment resuspension results from the incomplete
entrainment of the dislodged sediments. Conceptually, the source of resus-
pended sediments is the butterhead itself.

Perfectly designed and operated cutters will introduce a sediment slurry
that will be completely entrained by the flow to the dredge pump. However,
spatially varying sediment properties and cutter operations inevitably lead to a
sediment slurry that the pump cannot handle, resulting in sediment resuspens-
ion or release.

Suspended sediment concentrations were directly sampled using tubes at
several points in the immediate vicinity of the butterhead to withdraw samples.
The number of sampling tubes varied from one to six, depending upon the
sampling device design and condition. Sampling tubes sometimes became
clogged with sediment, rendering them temporarily inoperative, as evidenced
by abnormally large suspended sediment concentrations being measured. To
avoid inclusion of data from such potentially unrepresentative data, outliers in
the concentration data were statistically identified and discarded by excluding
data more than two standard deviations from the mean of a data set; roughly
10 percent of the data at the Savannah River and James River sites were dis-
carded. The remaining concentrations measured by the sampling tubes at the
butterhead were arithmetically averaged, after adjusting for background con-
centrations, to approximate a spatial average concentration at the butterhead
source for each set of conditions at the particular time of the sampling. Total
suspended sediment concentrations (i. e., concentrations before subtraction of
background concentrations) along with dredge operating characteristics are
given in Appendices F, H, and M for the butterhead dredges at the James
River, Savannah River, and Calumet Harbor sites, respective y. Background
concentrations for the James River site are given in Appendices D and F,
while background concentrations for the Savannah River and Calumet Harbor
sites are given in Appendices G and I, respectively. Appendix L provides
additional operating features of the dredge at the Calumet Harbor site.

For the Savannah River and James River sites, the concentration data are
values measured at various particular times during the course of the field
study as dredge operating conditions varied. For the Calumet Harbor site,
however, the data represent averages (as given by Hayes (1986a) and Hayes,
McLellan, and Truitt (1988)) over a period of time when operating conditions
were essentially constant; because of the well-controlled dredge operating
conditions during the course of the Calumet Harbor study, such averages are
meaningtil. The operating conditions at the Savannah River and James River

sites were not as well defined. In addition, since butterhead swing speed and
intake velocity data were incomplete for the James River site, estimated
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average values for these parameters, which do not reflect their actual varia-
tion, were used for analysis. In particular, the ladder arm swing speed at the
James River site had to be estimated from dredge dimensions and reported
average ladder arm swing times in the port and starboard directions. Hayes
(1986a) previously developed a simple geometric model relating swing speed
and butterhead path to dredge dimensions; this model was applied to the swing
time data at the James River site. This considerably reduced the ability to
distinguish the dependence of resuspended sediment concentration upon vari-
ous operating conditions at the James River site.

Factors influencing resuspension

Previous investigators have identified or suggested factors that influence
the amount of sediments introduced into the water column immediately sur-
rounding the butterhead (Hayes (1986a) provides a concise review of butter-
head dredge studies). In addition to the characteristics of the sediments being
dredged, the water depth in which the dredging is taking place, and the fluid
motion in the general area of the dredge operation, several factors are specifi-
cally characteristic of butterhead dredges that influence the amount of
resuspension.

The speed and turbulence of the waters, and thus their potential for both
eroding and scattering sediments, surrounding the dredge butterhead are
affected by the rotation of the butterhead blades and the swing speed of the
butterhead ladder on which the butterhead is supported. Variations in either of
these speeds can be expected to influence the amount of resuspension. On the
other hand, background velocities in the general vicinity of the dredge are not
expected to significantly iniluence the amount of resuspension; the velocity
tield around the butterhead and butterhead ladder is a localized velocity field
largely determined by the motion of the swinging butterhead ladder.

Furthermore, previous investigators (e.g., Hayes, McLellan, and Truitt,
1988) have generally found that the direction of the ladder swing relative to
the butterhead blade rotation is also important, with more resuspension occur-
ring when the ladder swing is in the same direction as the tangential velocity
of butterhead blades at their highest point. When the tangential velocity of the
butterhead blades at their highest point is in the same direction as the ladder
swing, the butterhead is “overcutting, ” i.e., the butterhead blades are rotating
downward into the mudline and into the yet-undredged sediments toward
which the butterhead ladder is advancing. When the ladder swing opposes the
tangetial velocity of the cutter-head blades at their highest point, the butterhead
is “undercutting, ” i.e., the butterhead blades are rotating upward and away
from the sediments being dredged and away from undredged sediments toward
which the butterhead ladder is advancing.

An explanation ft~r the higher resuspended sediment c(mcentrations that
occur during overcutting can be provided: a primary source of finer grained
resuspended sediments is the residual sediments clinging to the butterhead
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bladesastheybreakthelevelofthemudlinenearthetopofthebutterhead.
Theseresidualsedimentsarewashedoffthebladesbythefluidmotionsover
andaroundthebladesabovethelevelofthemudline.Nearthetopofthe
butterheadabovethemudlinelevel,thetangentialvelocityofthebladeswill
beinthesamedirectionastheswingvelocitywhenovercuttingoccurs.Thus
thenetbladevelocityrelativetotheoverlyingwatersisthesummationofthe
tangentialvelocityofthebutterheadbladesandtheladderswingspeed;when
undercuttingoccurs,thenetvelocityisthedifferencebetweenthesesametwo
velocities.Consequently,thebutterheadbladesexperienceahighershearing
velocityduringtheovercuttingphaseoftheswingthanduringtheundercut-
tingphase.

The effects of the residual sediment clinging to the butterhead blades and
being subsequently washed off by the relative fluid motion past the butterhead
can be expected to be more pronounced in silt and clay sediments; the cohe-
siveness of such sediments promotes clinging of sediments to the butterhead
blades. Such effects may not be as pronounced in noncohesive sediments.
The sediments at the butterhead dredge sites in this study were predominantly
silt and clay, as evidenced by their median grain size (Table 1); consequently,
this description of the washoff phenomenon is consistent with the field condi-
tions in this study.

These effects can be quantiiled by the introduction of a butterhead ladder
arm swing speed V, anda tangential velocity (at the top of the butterhead) of
the butterhead blades Vc computed from the angular velocity and maximum
radius of the butterhead. 1 When the butterhead is undercutting, the net velo-
city V1characteristic of the fluid motion tending to wash sediments off the
butterhead is Vt = VC- V.; when overcutting, the characteristic velocity is
Vt= Vc+ VJ.

On the other hand, an increase in the rate at which sediment-laden waters
are drawn into the dredge suction pipe will tend to reduce the amount of sedi-
ments found around the butterhead. A meaningful and usefid characterization
of this effect has been proposed by Hayes (1986a) and Hayes, McLellan, and
Truitt (1988). The butterhead is assumed to be surrounded, in view of the
shape of typical butterheads, by one-half of a prolate spheroid (i.e., a semi-
ellipsoid) formed by the rotation of an ellipse about its major axis, with major
and minor axes equal to the length and the maximum radius, respectively, of
the butterhead. The suction discharge passing across this surface determines
an average characteristic butterhead intake suction velocity Vi. In addition, the
diameter of a sphere whose volume is equal to the volume of the total ellip-
soid defines a characteristic size, L, of the butterhead.

The degree of butterhead burial in the bottom sediments as the butterhead
is swung back and forth has also been identified as a significant factor influ-
encing resuspension. Previous studies suggest that full burial, with all other
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factors being equal, results inthe least resuspension. Less than full burial
(i.e., partial cutting) apparently increases resuspension, as does more than full
burial (i.e., buried cutting). Thereason forincreased resuspension during
partial cutting can reexplained bythefact that impartial cutting more of the
butterhead blades are exposed above the mudline; more exposure of the blades
allows more opportunity for washoff of sediments clinging to the butterhead
blades. Theincrease inresuspension because of buried cutting is understand-
able (though difficult to evaluate), because buried cutting contributes to
sloughing and cave-in along the dredging path.

The Savannah River study had partial- and buried-cut but no full-cut opera-
tion, while the Calumet Harbor and the James River studies had only full cuts
(Table 2). Thus, aswillbe seen below, the Calumet Harbor and James River
studies are used to provide the primary insight into full-cut operations. The
Savannah River study data are used to provide a preliminary quantification of
theincreased resuspension of sediments induced bypartial- and buried-cut
dredging.

Resuspended sediment concentration model

Hayes, inearlier studies of the Calumet Harbor site (Hayes 1986a; Hayes,
McLellan, and Truitt 1988), found a good correlation of resuspended sediment
levels with the dimensionless parameters V,/~. and Vf/~. The dependence
evidenced in this correlation was consistent with physical reasoning as to the
expected impacts of the various velocity parameters V$, Vr, and Vi. As dis-
cussed above, more confidence could be placed in the field data from the
Calumet Harbor site than in the field data from the Savannah River and James
River sites. Thus it was considered important that the basic behavior demon-
strated by the correlation found by Hayes (1986a) for the Calumet Harbor
study be reflected in any model for resuspended sediment concentration that
might incorporate data from all three butterhead dredge study sites. Hayes’
previously found result was therefore a starting point for correlation of data
from all three butterhead dredge sites examined in this study.

Using dimensionless analysis, Hayes (1986a) was able to relate resuspen-
ded sediment levels at the Calumet Harbor site to powers of the dimensionless
parameters Vf/~. and Vr/~.; reanalysis of Hayes’ data confirmed this basic
dependence. For the Calumet Harbor study the resuspended sediment con-
centrations can be represented by

C/(P x 10-6) = 10U(v,/Vi)v(V~/Vi)w (1)
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in which

C = concentration of resuspended sediment, g/(

P = density of waters above themudline (assumed to be 1 g/cm3 for
calculations in this study), g/cm3

V, = swing speed, ft/sec

y. = intake suction velocity through approximating semi-ellipsoid surface,
ftlsec

v* = tangential speed of butterhead, ft/sec

and u, v, and w are regression coefficients found by linear regression of the
logarithmic form of Equation 1 on the resuspended sediment concentrations at
the Calumet Harbor site. Regression analysis on the 12 data sets for the
Calumet Harbor site yields v = 2.848 and w = 1.022 (similar to the values
found by Hayes (1986a) and u = -1.050 with a correlation coefficient ? of
0.72. For the 12 sets of data used to find u, u has a standard deviation of
0.160. (Note: since w is close to 1, it might seem desirable to assume w = 1
and determine by linear regression a revised value of v. When this is done,
however, the correlation coefficient drops to 0.64. Since it is considered
more important to maintain as high a correlation as possible, the original
value of w = 1.022 is maintained in subsequent calculations.)

To utilize the results of the Calumet Harbor study for other dredging sites,

it is assumed that the concentration dependence upon V,r/~ and Vf/ Vi exhibited
by Equation 1 at the Calumet Harbor site is valid for all butterhead dredging,
irrespective of the site or cutting mode. On the other hand, physical and
dimensional reasoning suggests that the magnitude of the coefficient u will
likely vary from site to site because of such factors as the type of cutting, the
size of the butterhead, the characteristics of the bottom sediments, and possi-
bly the depth of water above the butterhead. To reflect this possible variation
in u, Equation 1 is restated as

C/(~ x 10-6) = ‘( Vf/vj)v (V~/vj)w

in which

F= F~FD

FF and FD arefull-cut and nonfull-cut dredging parameters, respectively,
defined such that

(2)

(3)
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u = loglo(q = log~()(~~) + 1W1O(W (4a)

FD = 1, for fill-cut dredging (4b)

FD > 1, for nonfull-cut dredging (4C)

and such that FF is independent of the type of cutting being used. Thus F~ is
a factor that accounts for the type of dredging, while FFis a factor that
accounts for dredging effects other than those arising from variations in the
type of cutting.

Development of dredging parameter FE and FD

At aparticular dredging site with only full-cut dredging, such as the James
River orthe Calumet Harbor dredging site, F~ = 1 and FFis some constant.
Furthermore, since theanalysis of the Calumet Harbor data isolated the
dependence of V,, Vf, and ~andthisd ependencei sassumedt oexistf orother
butterhead dredging sites, the parameter F~cannot involve a dependence upon
the kinematic parameters V,, V’, and Vi. A dependence upon these parameters
could exist in the parameter FD, but it is assumed that it does not. Conse-
quently, F~ must depend upon nonkinematic parameters.

Dimensional reasoning suggests that F~ should be a function of various
dimensionless groups quantifying the geometric differences between butterhead
dredging at those sites with full-cut dredging. The only readily quantified
differences at the two sites for which full cuts were used, i.e, the Calumet
Harbor and James River sites, that seem pertinent to the resuspended sediment
concentrations in the immediate vicinity of the butterhead are the characteristic
butterhead size L (Table 3) and the median grain diameter d of the dredged
sediments (Table 1). The depth of Overlying water might be important in
cases of very shallow depth where the butterhead size and water depth are of
similar size, but for the Calumet Harbor and the James River sites the water
depths were several times larger than the butterhead diameter. Such depths
would not seem physically significant in influencing the resuspended sediment
concentrations in the immediate vicinity of the butterhead. Thus the only
quantifiable dimensionless parameter upon which the dredging factor F~ can
depend is the parameter L/d; therefore

(5)

Values of L/d are listed in Table 4.

Chapter 3 Resuspended Sediment Concentrations
15



F“may also have adependence upon L/d. However, since only the Savan-
nah River site had nonfill-cut dredging and L/d is a constant for a particular
dredging site, such dependence cannot be identified even if it exists. The only
dependence that might be identified is that which characterizes the differences
between types of cutting modes.

The identification of the dependence of F~ upon L/d and of FD upon the
type of cut would ideally be determined by simultaneous use of data from all
three butterhead sites. However, this is not possible since the Calumet Harbor
and James River dredging were full-cut operations while the dredging at the
Savannah River site used buried and partial cutting but no full cutting. Thus
to identify, at least approximately, the dependence of F~ and FD upon L/d and
the type of cut, respectively, it is necessary to decompose the identification
process into an examination of the effects of nonfull cuts and an examination
of the effects of L/d.

Effects of butterhead and sediment size

A representative value of F for a particular site and dredge type can be
determined by computing the mean value of u and setting F equal to the anti-
log of this mean value. That is, a representative value of F is the geometric
mean of the individual values of F for the same dredge type at a particular
site. To make this computation while preserving the dependence of concentra-
tion on V$/~. and VJ~. evidenced in Equation 1, u is defined by

u = loglo [c/(p x 10-6)] - v loglo (v,/Vi) - w loglo (v’vi) (6)

and computed from the various data for resuspended sediment concentrations
for each dredge type at each site using the values of v and w found for the
Calumet Harbor site (Table 4). An average value of u is then computed for
each type of dredging at each site. The values of u and their standard devi-
ations found at the James River and the Savannah River sites are summarized
in Table 4 as are the values of F corresponding to these mean u. The larger
variation in u implied by the larger standard deviations at the James River and
Savannah River sites (in comparison to that for the Calumet Harbor site) is
considered indicative of the more controlled conditions under which the study
at the Calumet Harbor site was conducted.

Since, furthermore, the Calumet Harbor and James River studies used full-
cut dredging, the values of F for these two sites can be used to preliminarily
identify a dependence of F~ upon dredge and sediment size as embodied in the
parameter L/d since F = F~ for full cuts; the effects of partial or buried cut-
ting are used, as described below, to refine this preliminarily identified
dependence.
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The values of L/dand F~forthe Calumet Harbor and James River sites
(Table 4) suggest that F= increases with L/d; such a variation is physically
plausible. The larger L/d, the larger the butterhead size in comparison to the
sediments being dredged and the more resuspension that might be expected;
the larger F”, thehigher the resuspended sediment concentration. However,
since the Calumet Harbor and the James River sites provide only two data
points todefine this variation, little more can besaidabout this variation.
Consequently, the Savannah River data forpartial and buried cutting are
needed to further refine this variation. To accomplish this, it is useiil to
attempt to quanti~ the effects that partial and buried cuts have on full cutting
as suggested by the Savannah River data.

Effects of type

As previously

of cut

discussed, it is expected that buried- or partial-cut dredging
will increase the resuspended sediment concentrations above those for fill-cut
dredging. This increase in resuspended sediment concentration due to nonfull
cutting is formally described by the parameter F~, where

F~ =f (P; DmlDcJ (7)

where

P = degree of butterhead penetration for a partial cut

Dm = depth of cut for buried cutting

DCh = maximum diameter of the butterhead

thus Dm/DCh is the relative depth of butterhead burial in a buried cut. Precise
definitions of P and Dm/DChare provided below. Other factors may affect F~,
but P and Dm/DChare the only readily quantified factors distinguishing the
types of cuts at the Savannah River site, the only site with nonfull cuts; thus
F~ is presumed to depend only on these parameters.

Inpartial-cut dredging, theincrease in resuspended sediment concentration
is viewed as the result of the increased sediment washoff from more exposure
of the butterhead blades (in comparison to that for full-cut dredging). In gen-
eral for a partial cut, as illustrated in Figure 1, the butterhead will penetrate a

vertical distance df below the original mudline. The value of df assumes a
maximum at the point where the partial cut becomes a full cut; at this point
df = Dr Because the butterhead shape is approximated as a semi-ellipsoid
with maximum diameter DChand length Lc~,Df can be approximated as
(Appendix C)
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Figure 1. Schematics of butterhead burial for various types of cuts

Df=(Dch/2)cose(l+ llq’)

in which

l/q’ =[1 + (2tan@LC./DC~)2]ln

(8a)

(8b)
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where t9is the angle the ladder arm supporting the butterhead makes with the
horizontal andq’ isthedimensionless ydistance topoint oftangency of cut-
terhead ellipse with penetration line. The relative penetration P is then given
by

P = d]Df (9)

where P will obtain a maximum of 1 for a full cut.

The primary mechanism for producing increased resuspended sediment
concentrations in buried cutting is not viewed, however, as one of washoff.
Rather, it is viewed as the result of bank sloughing and cave-in around the
butterhead. In buried cutting the butterhead is positioned so that the bottom of
the butterhead is a distance Dm below the mudline, where Dm > D7 (Fig-
ure 1). The cutting and removal of bottom’ sediment material by the butter-
head cause sediments above the butterhead to fall and slough into and around
the butterhead. These falling and sloughing materials overload the dredge
suction capabilities and allow sediments to remain in the waters about the
butterhead, thereby increasing the resuspended sediment concentration levels.
These effects are expected to increase as the dimensionless burial parameter
Dm/Dc~ becomes larger.

Since the resuspension increases for depths of butterhead submergence in
the bottom sediments both larger and smaller than Dfi it is convenient to
define the dimensionless butterhead submergence depth D by

D=P where O<p<l

for partial cuts and

D = DmlDf where

for buried cuts. Thus,

F~(P; DmJDcJ = F~(D) and

and since F~ = f(Z/d) and F = F~F~

(lOa)

(lOb)

(11)

.

19
Chapter 3 Resuspended Sediment Concentrations



F = f(L/d; D). (12)

Note that F is undefined for D < 0.

F~ is assumed to have the general form

F~ = 1 + (F~)w + (F~)b (13)

in which (F~)w is the resuspension function describing the effects of sediment
washoff from the butterhead blades for partial cuts and (F~)b is the resuspen-
sion function describing the effects of bank sloughing and cave-in on resus-
pension for buried cuts. The general characteristics expected and therefore
proposed for (F~)w and (F~)b are

(F~)w = O for D>~ (14a)

(FLl)w> 0 for O<D<l (14b)

(F~)b = O for Ds1 (14C)

and

(F’)b(D > 1) > (Q,(D = 1) (14d)

Also, (F~)w decreases monotonically with increases in D for O < D s 1 and
(F~)b increases monotonically with increasing D for D > 1. (F~)w and (F~)b
are undefined for D < 0. Also note that for a full cut (i. e., D = l), (F~)w =

(FD)b = O; therefore Equations 13 and 14 imply that when D = 1 (full-cut
dredging)

FD=l+o+()=l (15)

The constraints of Equations 14 and 15 on ~D can be examined in light of
the data for the Savannah River site. For this site, the penetration depth dy for
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thecutterhead impartial cut operations was inthe range of 1 to 3 ft, while the
ladder angle 0 was approximately 45 deg. Thus, using Equations 8, 9, and
10, D~ = 6.24 ft and D was therefore in the range of 0.1 to 0.5. Since the
average u for the partial cuts at the Savannah River site is -0.556, F = F~F~

is computed to be 0.278; thus

FIF~ = F~ = 1 + (FJW + (F~)b = 1 + (FJW + O = 0.2781F~(16)

or

(FJW = 0.278/F~ - 1 (17)

for D in the range of 0.1 to 0.5.

For buried cuts at the Savannah River site, the butterhead was buried to a
depth of approximately 20 ft. Thus D = DmlDJ = 20 ft/4.93 ft = 3.2. Since
the average u for the buried cuts at the Savannah River site is 1.229,
F = 16.94. Thus, in a manner similar to that for the partial cuts,

(F~)b = 16.941F~ -1

for D approximately 3.2.

(18)

Actual values of (F~w and (F~)b for the two cutting modes at the Savannah
River site require an estimate of F~ for the Savannah River site. This estimate
is provided in the following section.

Full-cut dredging function

The full-cut dredging parameter, F~, has been deduced previously to be a
function of L/d; two values for this fimction have been identified using the
data from the Calumet Harbor and the James River sites (Table 5). Estimates
of F~ for the Savannah River site can be provided by (a) an examination of the
potential range for F~ and (b) a physically based model for partial-cut dredg-
ing. Estimates using both these techniques are provided below. These esti-
mates then allow an approximation to F~ as a fimction of L/d to be deduced,

Fortuitously, L/d for the Savannah River site is intermediate between the
L/d’s for the Calumet Harbor and the James River sites. Since F~ (which
equals F for full cuts) is physically expected to increase with increasing
L/d, F~ at the Savannah River site must be greater than the F~ at the Calumet
Harbor site and less than the F~ at the James River site; i.e.,
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FJL/d = 27,928) < F~L/d = 94223) < F&L/d,) = 123,680 (19)

Therefore, using the data of Table 4

0.0892 < FflL/d = 94,223) < 82.1 (20)

Inaddition, since I’ = F~F~ > 1 fornonfull cuts, the buried-cut results for
the Savamah River site require that

F~ < 16.94 (21)

while the partial-cut results for the Savannah River site indicate the more
restrictive condition

F~ < 0.278

Combining these limits yields the condition

0.0892 < F~(L/d = 94,223) < 0.278

which is illustrated in Figure 2.

(22)

(23)

The discrete points for F~ provided by the Calumet Harbor and the James
River sites plus the range of values for F~ provided by the Savannah River
site provide a means to estimate a continuous function for F~; such a function
is illustrated in Figure 2. A precise equation for this function is developed
below. However, this equation must be applied cautiously because of the
limited data used in its development.

To provide an estimate of a specific value of F~ for the Savannah River
site, a physically based model for (F”)Wcan be formulated. It is recognized
that such a model will be unverified; however, this model does provide not
only a physically reasonable value for (F~)w but a value of F~ that is also
consistent with the previously defined limits on FF.

In a partial-cut operation, the increase in resuspended sediment concentra-
tion is viewed, as previously discussed, as the result of increased butterhead
surface area available for sediment washoff. The area over which the sedi-
ment washoff occurs is taken as the exposed butterhead surface area not
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Figure 2. Full-cut dredging function F, for butterhead dredge

submerged in the bottom sediments being dredged. This exposed area is a
fraction of the source volume surface available for sediment generation
FC < 1 of the totalbutterheadsurfacearea,AC~.Theareaexposedontheside
ofthebutterheadadvancingintothesediments(i.e.,swingingintothesedi-
ments)isdifferenthornthatontheopposite,nonadvancingsideofthebutter-
head,asillustratedinFigure1.Letthefractionofsurfaceareaexposedon
theadvancingsideofthebutterheadbe F~ and the fraction on the nonadvanc-
ing side be Fn , where
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Fc=F~+Fn (24)

and Fa < Fn , F= < 0.5, and F~ < 0.5. The fraction ofnonexposed sub-
merged surface areas on each side ofthe butterhead is therefore, in general,
0.5- F. and 0.5- Fn . On the nonadvancing side ofthe butterhead itis
assumed, however, that the entire butterhead surface is exposed, and thus
F. = 0.5. On the advancing side ofthe butterhead, the bottom sediments are
assumed to extend avertical height d?above the low point ofthe butterhead
and slope downward across the butterhead perpendicular to the axis of cutter-
head rotation asshown in Figure 1. Asaconsequence O.5 -F~is

0.5 -F. =0.5 a, (25)

in which, as detailed in Appendix C and by replacing P with D in accord with
Equation lOa, aZ, the fraction of butterhead semi-ellipsoid surface submerged
below mudline, is approximated by

az=l
- [1 - (2JDCJT

and

az=O

for

for

in which

2yP/DCh= q’ [D(q’ + 1) - 1] + ((1 - q’2)

{l-[D(q’+l)- 1]2})ln

P. = [1/(1 + qt)] - [(1 - q’)/(1 + qf)]liz

D>po (26a)

D<PO (26b)

Thus, considering both sides of the butterhead it follows that

(26c)

(26d)
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FC=l -0.5 a, (27)

If the increase in resuspended sediment concentration from partial cutting is
presumed to be proportional to the increase in exposed surface in a partial cut,

(FD)WI= FJFC@=lj - 1 = 1 - az (28)

Applying the model of Equations 24 through 28 to the Savannah River
data, the following is obtained for 0 = 45 deg, D = 0.3 (the average of the
range of 0.1 to 0.5 identitled above), and Df = 6.24 R as previously deter-
mined: q’ = 0.5145, P. = 0.094, 2Yp/Dc~= 0.4378, az = 0.101, FC =

0.950,(F~ws 0.899,ad FD = 1.899. These values of FDand(~’W are
physically realistic.

Furthermore, ifFD = 1.899, it follows from Equation 3 and the data of
Table 4 that for the Savannah River data F~ = FLFD = 0.278/1.899 = 0.1464
= 0.15. This value for F~ fallsnicely within the bounds identified for F~.
Thustheabove-described model for (F#W appears to be reasonable.

If a value of F~ = 0.15 is accepted as an estimate for F~ for the Savannah
River data, an empirical curve can be fitted to the three data points for F~
now provided by the Calumet Harbor, the Savannah River, and the James
River data. With only three data points, the data are closely fitted by the
equation

[(10-4 L/d)/ 13.3]7”M = loglO[loglO(F~) + 2.051

or equivalently

bih)(%’)= 10[104(IJW13.32 ]7”M _ z 05.

(29a)

(29b)

With F~ now estimated to be 0.15, Equation 18 can be used to determine
that (F~b = 111.9. The values of (F~W = FD = 0.899 for D = 0.3 and
(F&b = FD = 111.9 for D = 3.2 along with F~ = O for D = 1 allow an
approximate functional form for FD to be identified, as shown by the curve in
Figure 3. The empirical curve of Figure 3 is given by the equation

FD ‘ 1.9039(D - 1)2 + 0.4116(D - 1)7 (30)

Chapter 3 ResuspendedSediment Concentrations
25



‘D

120

110

100

90

80

70

60

50

40

30

20

10

0

BURIED CUT AT

~ = 1.9039(D– 1)2+ 0,4116(D– 1)7

o 1 2 3

D

Figure 3. Cutterhead cutting type function FD

Equations 29 and 30 illustrate the general relationships between important
dredging and sediment parameters but should be applied cautiously to’other
dredging sites. However, the use of these equations must be tempered consid-
erably by the limited data upon which they are based and their mathematical
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characteristics. Values of F~ generated using Equation 29b increase dramati-
cally with small changes in the median grain diameter d. Similarly, Equa-
tion 30 responds dramatically to values of D in excess of 2. Consequently,
these equations can predict large variations in predicted suspended sediment
concentrations with small changes in these variables.

General data correlation

With an estimated value of F~ for the Savannah River data provided by
Equation 30 it is possible to infer what the resuspended sediment concentra-
tions at the Savannah River site would presumably have been if a fill cut had
been used but all other factors had remained the same. If the Savannah River
data are adjusted to reflect full-cut dredging, then collectively the Calumet
Harbor, the James River, and the adjusted Savannah River data provide a
combined set of data to assess the ability of the full-cut model to generally
describe the resuspended sediment concentrations induced by a butterhead
dredge.

To adjust the Savamah River data, all partial-cut concentrations are
reduced by the factor 1 + (F~w = 1.899; all buried cut concentrations are
reduced by the factor 1 + (F~)b = 112.9. The F~ factor for the resulting data
is O. 15, as computed above, from which u = -0.824 is determined (Table 4).
These resulting data, along with the appropriate V., Vl, and ~., are combined
with the Calumet Harbor data (with F~ = 0.0892) and the James River data
(with F~ = 87.3), each with their various V,, ~, and ~ values, to provide a
general data set against which Equation 2, for a full cut, can be tested.

The observed resuspended concentrations (or, in the case of the Savannah
River data, the adjusted concentrations) are plotted against the concentrations
predicted by Equation 2 in Figure 4. The straight line through the data indi-
cates the line of perfect fit. The degree of scatter about this line of perfect fit
can be quantified by computing the correlation coefficient ? and the standard
error in estimate between the computed and observed data, treating the pre-
dicted values of the logarithm of concentration as the independent variable and
the observed values of the logarithm of concentration as the dependent vari-
able in a simple linear regression. Computed correlation coefficients and
standard errors of estimate for the logarithms of the concentrations are listed
in Table 5 for all the data and various subsets of the data. The overall corre-
lation coefficient ? for the entire data set is 0.556. Subsets of the complete
data set produce differing levels of correlation as listed in Table 5. The
highest degree of correlation (? = 0.724) was obtained for the Calumet Har-
bor data; as discussed earlier, the Calumet Harbor study was a more con-
trolled tleld study. The lowest correlation, nearly zero, was obtained for the
James River data. This low correlation is believed to arise because of the
necessary use of only average swing velocities in the computation of the V,/~.
and V,/ Vi parameters. Reported data for the study did not distinguish between
varying swing speeds during the course of the dredging operations, and it is
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Figure 4, Sediment resuspension predictions for butterhead dredge operat-
ing at full-cut burial

believed that there was, in fact, considerable variation. The overall correla-
tionisdominated bythe Savannah River data because of the relatively larger
number of data items for the Savannah River study.

While there is far from perfect agreement between the predicted and
observed data in Figure 4, there is a sufilciently reasonable comparison, it is
believed, to conclude that the model provided by Equations 2, 3, and 4 as
well as the full- and partial-cut models as described above provide a reason-
able approach for estimating resuspended sediment concentrations produced by
hydraulic butterhead dredging. However, the equations should be applied
cautiously to sites different from those used to develop the relationships. As
more data become available in the future to further test this mathematical
model, modifications to this exploratory model will certainly be necessary.

Dustpan Dredge

The dustpan dredge, used at the James River study site, was proposed as a
means of reducing levels of resuspended sediments. This dredge, in the modi-
fied form used at the James River site, merely sucked up sediment loosened
by the forward advance of the dredge, apparently creating a bulldozerlike
motion to scoop and push sediment into the dredgehead where it would be
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sucked upward by the suction velocity. Winglets on each side of the dredge-
head were supposed to restrict dispersal of sediment into surrounding waters.

Although limited data prevent a detailed evaluation of the dustpan dredge-
head behavior, near field measurements (summarized in Appendix E) indicated
resuspension was as high as or higher than that produced by the butterhead
dredge (Vannl 1983; Havis 1988; Raymond 1982; McLellan et al. 1989).
Some of this may have been due to the apparently substantially larger forward
velocities used with the dustpan dredge in comparison to the estimated swing
velocities used for the butterhead dredge (see Appendices E and F). In addi-
tion, if the effective area over which the intake suction velocity to the dredge
occurs is approximated as a quadrant of a cylinder with a 2-ft radius and 28-ft
length (Table 2), the effective surface area of the dredgehead is about 88 per-
cent of that for the butterhead dredge head used at the James River site. On
the other hand, data presented by Vannl on dredge production during the test-
ing period suggest that suction discharges of the dustpan dredge were approxi-
mately 60 percent of those for the butterhead dredge. Thus the dustpan
dredge may have had effective suction intake velocities of about 0.60/0.88 =
0.68 = 68 percent of those of the butterhead dredge. Since the butterhead
correlation suggests concentration levels are strongly inversely proportional to
intake velocity, the larger concentrations observed during the dustpan dredge
operation may be a result, at least in part, of the apparently smaller effective
intake suction velocities for the dustpan dredgehead.

Matchbox Dredge

The matchbox dredge, studied at the Calumet Harbor site, was also pro-
posed as a means to reduce release of resuspended sediments to the water col-
umn. The matchbox enshrouds the dredge suction intake with a box-type
cover that allows sediment passage only through the open sides of the box.
The necessary agitation and dislodgement of bottom sediment is accomplished
by the mechanical and hydraulic forces as the dredgehead swings back and
forth. There are no rotating cutter blades; thus presumably the resuspension
of sediments by the dredge operation is insensitive to the direction of swing of
the dredge ladder. .

The concentration levels measured during three distinct sets of operating
conditions for the matchbox dredge at Calumet Harbor (Appendices K and L)
indicated that no measurable reductions in resuspended sediments in the imme-
diate vicinity of the dredgehead were achieved compared to the conventional
butterhead dredge. In fact, for comparable operating conditions, sediment
concentrations were sometimes greater than those for the butterhead suction
dredge. Previous researchers (Hayes, McLellan, and Truitt 1988; McLellan

] R. G. Vann. (undated). “James River, Virginia dredging demonstrationin contaminated
material (kepone),dustpanversus butterhead,” Report, U.S. Army Engineer District, Norfolk,
Norfolk, VA.
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et al. 1989) concluded that operator inexperience with this type of dredge,
lack of adequate control in matchbox positioning near the channel bottom, and
frequent clogging of the suction line affected the performance of the matchbox
dredge.

The importance of proper positioning of the dredge near the channel bot-
tom is emphasized by the results for the butterhead suction dredge found
above. While it is not immediately apparent how the absence of butterhead
rotation speed could be accounted for in describing resuspension with Equa-
tion2, thepresence of theratio ofswing speed tointake suction velocity
raised to a 2.8 power suggests considerable sensitivity to the effective suction
velocity in the water immediately surrounding the matchbox. Consequently,
the effectiveness of the matchbox dredge may be very dependent upon the
ability to precisely control the position of the matchbox near the bottom and
achieve and maintain effective suction velocities conducive to small
resuspension.

Hopper Dredges

One dredging study with a hopper dredge was conducted under the IOMT
program (Table 1). Sediment resuspension was measured during both non-
overflow and overflow conditions in Grays Harbor, Washington. Because
only one study has been accomplished for a hopper dredge, little quantitative
information can be extrapolated as to the magnitude of sediment sources that
might be generally produced by a hopper dredge. However, some observa-
tions are worthy of note.

Nonoverflow operating mode

Hopper dredges, because they are often used in strong current areas typical
of many estuaries and outer harbors, use a hydraulic draghead on a drag arm
suspended beneath the hopper vessel to cut and draw sediment upward into the
ship’s hoppers. The forward motion of the ship provides the primary cutting
force while the hydraulic suction provides the necessary hydraulic lift and
transport.

The actual suspended sediment concentrations aft of the moving hopper
dredge studied in the IOMT program at Grays Harbor, Washington, are
shown in Figure 5 (see Appendix N for concentration data listing). As an aid
to viewing the data in Figure 5, approximating smooth curves have been
drawn through each of the two data sets displayed in the tlgure. These data
are vertical average concentrations within the estimated plume boundaries aft
of the moving ship and have been averaged over longitudinal segments to pro-
vide a smooth plot of sediment concentration with distance as an aid for
extrapolation. Strong tidal currents and ship movement prevented sampling in
the immediate vicinity of the ship, and sediment concentrations at distances

30
Chapter 3 Resuspended Sediment Concentrations



1000 r

-1

a
v
i=
u
w
>
Ld0
a
lx
w
>
6

1

■

●

LEGEND

● WITH OVERFLOW

■ NO OVERFLOW

0.1 1 1 I I 1

0 2 4 6 8

DISTANCE BEHIND DREDGE, 1,000 ft

●

Figure 5, Resuspended sediment concentrations observed behind a hopper
dredge operating in Grays Harbor, Washington

very close to the ship can only be estimated by extrapolation of data from
greater distances.

Figure 5 shows that, as would be expected, the sediment concentration
generally decreases with increasing distance from the dredge. The drop-off in
sediment levels are evidenced in Figure 5 at a short distance downstream of
the dredge in its nonoverflow operating mode. This is believed to be result of
a combination of localized distortion of the sediment plume due to the ship’s
motion and associated large-scale turbulence and the difllculties in sampling
along the axis of the plume in the regions nearer the dredge ship. If this
lower value some 500Rdistant fiomthe dredge isdisregmded, thev’ertical
average sediment concentration at zero distance from the dredge is estimated
byextrapolation to be only about 13mg/f. However, this 13mg/t represents
a vertical average. If the sediment throughout the vertical extent of the water
column is presumed to be concentrated in a zone of height equal to the
approximate size of the dredgehead (Table 2), the source concentration for the
dredgehead becomes equal to approximately 146 mg/t, as listed in Table 3.

Overflow operating mode

A distinctive feature of hopper dredges as sources of suspended sediment
arises from the possibility that a hopper dredge normally provides two sources
of sediment. Hopper dredges may be operated in either an overflow or ncm-
overtlow mode. In the nonoverflow mode, the material dredged from the
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channel bottom is loaded into the ship’s hoppers only until the hoppers are
full, after which the sediments are transported to their disposal site. Sediment
levels above background levels are generated only by the disturbance of the
moving dredge ship and its propellers, the draghead being towed by the
dredge along the channel bottom, and increased velocities created by the
waters being siphoned upward through the draghead. The source of sus-
pended sediments is thus the agitation of sediments on the channel bottom by
the dredge and dredge ship.

In the overflow mode of operation, the hoppers are filled beyond their
point of capacity so that intentional spillage occurs. By pumping past the
point of overflow, greater density is achieved in the sediment-laden waters
retained in the hoppers; the greater density increases the effective capacity of
the dredge with a resulting increase in the economy of the dredging operation.
The supernatant overflow waters from the hoppers are discharged to the near-
surface waters around the dredge ship, providing a second, near-surface
source of suspended sediments from the dredging operation. As might be
expected because of the high flow and concentration of sediments in the
waters siphoned from the channel bottom and their short retention time in the
hoppers, hopper overflow produces higher suspended sediment concentrations
than the dredging action itself (McLellan et al. 1989).

The effects of these two different sources of sediment in a hopper dredging
operation is illustrated by the data of Figure 5. It is apparent that vertical
average sediment concentrations with overflow are approximately one to two
orders of magnitude larger than without overflow in the regions near and at
moderate distances downstream of the dredge. Generally, the average con-
centration, due to both dispersion of the sediment plume and settling of
suspended particles, decreases with downstream position. The vertical aver-
age concentration level for the overflow mode of operation at a zero distance
from the dredge is, by extrapolation, about 355 mg/f.

Clamshell Dredges

Factors influencing resuspended sediment levels

A variety of factors in the use of clamshell dredges have been identified or
suggested as contributing to the resuspension of sediment. Previous investiga-
tors (e. g., Hayes, McLellan, and Truitt 1988) have suggested that bucket
impact, penetration, and withdrawal are major contributors to sediment resus-
pension. An additional source of sediment in the near field water column is
the loss of sediment from the clamshell bucket as it rises through the water
column, breaks the water surface, and is swung across to the point of bucket
opening and dredged material release. In its upward movement, sediments
overflow the top of the bucket, leak from the sides and bottom of the bucket,
and are washed from the sides of the bucket. Based upon these factors, a
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general equation for sediment resuspension during clamshell dredging can be
written as:

Total Resuspension by
bucket impact,

Resuspension
Resuspension = + bucket leakagepenetration, and withdrawal

+ Resuspension by Resuspensionby

bucket spillage + washing of sediment
from bucket walls

While this equation includes the primary components of resuspension, these
components are not easily modeled andare influenced considerably by other
dredging characteristics. These characteristics are discussed below.

An important factor influencing total suspended sediment levels in the
water column is the bucket cycle time, i.e., the time used to make a complete
bucket lift, recovery swing, bucket opening and release, return swing, and
bucket drop and return to the channel bottom. Other operational factors that
may influence sediment generation include the amount of bottom sweeping or
smoothing, if any, with the bucket by the bucket operator, and the number of
passes used in removing the sediment at a particular location.

Bucket design and size, as well, can be expected to affect the amount of
sediment generated. In the IOMT studies conducted to date, two different
types of buckets have been used: (a) an open bucket (which is the common
type of clamshell bucket), which allows some free drainage of water and sedi-
ment overflow as the bucket is hoisted upward, and (b) a closed bucket (some-
times referred as a watertight bucket). Various types of closed clamshell
bucket designs have been previously described (Arctic Laboratories et al.
1985; Herbich and Brahme 1991). The particular design of the closed or
watertight clamshell buckets used in the IOMT studies have been described
(Raymond 1984; Hayes, McLellan, and Truitt 1988; Hayes 1986b; Mont-
gomery and Raymond 1984). Irrespective of the details of the design or the
name given particular designs, these bucket designs are intended to minimize
drainage from the bucket.

Sediment resuspension from the operation of a clamshell dredge may also
arise from effects not directly associated with the bucket operation. These
effects can include scow movement and associated tug operations, scow over-
tlow, and direct release or “sidecasting” of dredged sediments (as was the
case at the Lake City site).

1 U.S. Amy Corps of Engineers, Office of Civil Works. (n.d.). “Dredging,” Engineering
School Manual,TheEn~ineer@Center,FortBelvoir,Virginia.
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Data analysis

Concentration levels very close to a clamshell dredge could not be mea-
suredin the field during actual dredging operations because of the danger
posed by alifting, swinging clamshell bucket. Consequently, in orderto
obtain a source concentration level for a particular clamshell bucket dredge,
concentration levels at various radial distances from the dredge were extrapo-
latedto deducean approximate concentration at azeroradial positiori repre-
senting the idealized centerof the dredge. Appendices, Q, S, U, W, X, and
Y tabulate concentration data for the various clamshell dredge operations.

Several factors had to reconsidered in developing the concentration data to
make this extrapolation. Firstly, itwasrecognized that there was considerable
apparent random scatter in the concentration data because of the inherent diffi-
culties in making field measurements in the various dredge studies. Secondly,
because thedata ateachdredging site were limited, itwas necessary that as
much of the available data as possible be used to estimate the source concen-
tration at the idealized axis of clamshell bucket rise and fall. To address the
first factor, concentration data were vertically averaged over the depth of the
water column for each set of measurements at a particular time and location.
To address the second concern, temporal variations arising from changing
river current patterns were neglected and tidal effects were, as discussed
below, only approximately accounted for; the amount of data was insufficient
to segregate data by time or fraction of a tidal cycle.

In addition, the far field concentration levels used to make the source con-
centration estimates are not a function solely of radial distance, but rather
depend on both radial distance and angular orientation relative to the dredge
and current that may exist. However, because the data were limited, variation
of concentration with angular position was difficult to distinguish in the field
data at a level of detail considered necessary for making the desired extrapola-
tion to a zero radial distance. Consequently, it was decided that only radial
variation of concentration would be used in making the desired extrapolation.
Two factors lessen the error that neglect of the angular orientation introduce:

(a) the far field data used to make the extrapolation tended to be concentrated
in regions along the streamwise axis (either upstream or downstream of the
dredge) of the channel and sediment plume produced by the dredging; thus
much of the data had approximately similar upstream or downstream angular
orientations relative to the dredge; and (b) far field concentration patterns
tended to become less dependent on angular orientation the smaller the radial
distance horn the dredge; thus in the vicinity of the dredge, far field
concentration data assumed similar magnitudes for similar radial distances
irrespective of angular orientation.

While temporal variations in currents and detailed tidal variations were not
accounted for in the far field data analysis, it was clear from both the raw data
and studies by previous investigators (Hayes, McLellan, and Truitt 1988;
McLellan et al. 1989; Havis 1988) that both @e typical river current and
tides, when present, produced some asymmetry in the streamwise pattern of
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the far field concentration patterns. A river current would stretch the time-
averaged concentration field surrounding the dredge in the direction of the
current flow while compressing itinthe opposing direction. Tidal variations,
on the other hand, would cause a crudely cyclic variation in the concentration
field that would evidence itself as two zones of high concentration when far
field concentrations were averaged over time. Both these influences are
clearly linked to the streamwise motion of a settling sediment particle and the
horizontal distance in an upstream or downstream direction that a particle can
move before it finally settles to the channel bottom.

Since the data were sufficient in number only for analysis on a time-
averaged basis, the asymmetry in far field concentrations apparently intro-

duced by river current and tides was accounted for by locating all data at
adjusted radial positions somewhat different from their actual radial positions.
Points upstream of the dredge in sites dominated by river current flow or, in
the cases of strong tidal influences, points for measurements taken during the
ebb tide had the streamwise component of their radial distances increased by a
constant length, while points taken downstream of the dredge or on the flood
tide had the streamwise component of their radial distances decreased by a
similar amount. The actual adjustment varied with the site and was selected
by trial and error to reduce the apparent scatter in vertical average concentra-
tion at various radial positions. Because data scatter could not be totally

eliminated and reduction in scatter was evaluated subjectively, the selection of
the adjustment distance was refined only to 10-ft increments. The magnitude
of these adjustments (O to 100 ft) is physically consistent with the time avail-
able for the horizontal movement that a falling sediment particle could
undergo moving at current or tidal speeds typical of the various sites
(Table 1).

Once the adjusted positions were determined for the concentration data for
a particular clamshell dredge, the concentrations were plotted and fitted by eye
with a smooth curve. Extrapolation of the curve to a zero radial distance
yielded the clamshell dredge source concentration. These estimates of
observed source concentrations are listed in Table 3. To reduce the effects of
random error and angular orientation at larger radial distances in the plotting
and curve fitting, the vertical average concentrations at different adjusted
radial positions were averaged over radial zones before plotting. The width of
the averaging zone depended on both the study site and the radial distance
because of the differences in the number of data at different radial distances in
each data set.

Figure 6 shows the radial variations of concentrations for the five different
open clamshell bucket dredge studies (Table 1). For clarity, the concentra-
tions have been normalized by the estimated source concentrations. Also for
the sake of clarity, the closed clamshell data are not plotted in Figure 6; how-
ever, they behave in the same general manner as the open-bucket clamshell
data shown. While there is certainly considerable scatter, the data shown in
Figure 6 for each of the various sites do demonstrate a crude exponential
decay of concentration with adjusted distance. Note that the approximate rate
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Figure 6. Relative resuspended sediment concentration versus distance for

open-bucket clamshell dredges

of decay is different for each dredge. The decay is also different for each
type of clamshell (i.e., open or closed). Such differences are to be expected
because of differing sediment and flow characteristics.

Open clamshell source concentrations

The clamshell dredge source concentrations determined for the various
dredges show differences from one another, as would be expected. These dif-
ferences arise because of differences in sediment characteristics, clamshell
bucket features, and bucket operation; their influence of these factors can be
quantified through a combination of physical and dimensional reasoning. Less
well-defined background flow conditions and local site peculiarities might also
influence these source concentrations, but cannot be identified in the present
analysis.

If dimensional reasoning is applied, one recognizes that the bucket size
compared to the dredging depth should be important to the levels of sediment
produced by a clamshell bucket: the bigger the bucket compared to the flow
depth, the greater the sediment resuspension. Thus the dimensionless param-
eter B, where
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B = blh (31)

in which b is a representative size of the clamshell bucket and h is the repre-
sentative dredging depth (Tables 2 and 3), should influence the source concen-
tration. The shape of a clamshell bucket is crudely square in the horizontal
plane and one vertical plane and triangular in the third, orthogonal plane.
Thus if the clamshell bucket volume is VC~,then the characteristic
bucket can be defined by the relation

Vcb= b312

size of the

(32)

The time the clamshell resides in the water column should also affect sedi-
ment production; the longer the bucket is in the water column, the more time
available for sediment loss from the bucket. The time in the water column
should be closely proportional to the bucket cycle time for operation by an
experienced dredge operator. Counterbalancing this effect, however, is that
longer cycle time implies fewer bucket loads being removed in any definite
period of time and thus less total sediment being removed over an extended
period of time. Cycle times T for the open-bucket clamshell dredges are
given in Table 2. ‘This cycle time can
parameter by defining a dimensionless

S = vyTlh

be incorporated in a dimensionless
cycle time S, where

(33)

in which v~is a representative settling velocity of the resuspended sediments.

A representative settling velocity v. can be estimated from Stokes law using
the median grain diameter d and specific gravity of the dredged sediments;
values of V,rcomputed from Stokes’ law are listed in Table 3 for all the dredge
sites except Lake City and St. Johns River. No data on sediment size or set-
tling characteristics were available for the Lake City site, and therefore no
settling velocity was estimated. While median grain size data was also not
available for the St. Johns River site, one set of settling column measurements
for high concentrations of sediments was available. In lieu of other data,
these settling column measurements were used to estimate a representative v,,
for the St. Johns River site.

The settling column measurements for the St. Johns River site had been
conducted at high concentrations of total suspended solids (20 percent); thus
zone and compression settling were exhibited by the settling measurements.
The interracial velocity of the suspended sediment mass undergoing zone
settling at the beginning of the settling column measurements was taken as an
estimate of the particle setting velocity v,,. This interracial velocity,
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determined from the slope of the curve of interracial
curve, was 5.143 x 10-3ft/sec as listed in Table 3.

The available data allowed calculation of S and B
data. Consequently a regression analysis on the two

position versus time

for only three sets of
independent parameters s

and B was not possible. However, the single parameter

SIB = (v~TIh)/(b/h) = v,Tlb (34)

which represents a normalized dimensionless setting velocity, correlated quite
well with the source concentration C for the three sets of data. A regression
analysis of the source concentration for the closed-bucket clamshell dredges at
the St. John River, the Black Rock Harbor, and the Calumet River sites
yielded the dimensionless equation

[i

3.033

c/(p X 10-6) = 0.00235 (B/S)3033 = 0.00235 _&-
v. T

(35)

in which C is the open-bucket clamshell dredge source concentration. The
linear correlation coefilcient ? for the logarithmic equivalent form of Equation
35 is 0.979. Equation 36 can be closely approximated by

[1
3

C/(p X 10-6)= 0,0023 ~
v, T

(36)

A comparison of observed concentrations to those computed ffom Equation 36
is provided in Tables 3 and 6 and Figure 7.

Closed clamshell

The estimated source concentrations for the closed clamshell buckets are
given in Table 3. For the St. Johns River, the source concentration is
decreased in comparison to the open-bucket clamshell concentration, as might
be expected. At the Lake City operation, however, the source concentration
is higher for the closed-bucket clamshell operation. While the reason for this
is not apparent, it may be because of the bucket size (the closed buckets were
larger than the open buckets; (Table 2) and the bucket cycle time. While
quantitative data were not reported on the cycle time T for the closed-bucket
clamshell dredging operations, it is known that, because of the difficulty of
forcing air out of the closed bucket, the cycle times for the closed-bucket
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clamshell dredging at both the Lake City and St. Johns River sites were atd
least as great as that for the open-bucket clamshells. It is also possible that
the entrapped air in the bucket contributed to greater bucket impact on the
bottom because the dredge operator may have attempted to overcome the air
entrapment problems by trying to cause the bucket to drop more quickly than
an open bucket. Sidecasting of the dredged sediment at the Lake City site
may also account for the higher concentration levels observed with the closed-
bucket operation.

Lack of data prevented an attempt to correlate closed-bucket clamshell
resuspended sediment concentration with the S/B parameter of Equation 34;
but the correlation of Equation 35 does suggest that cycle time, even for
closed buckets, may be a crucial factor in the success of closed-bucket clam-
shell dredges in reducing resuspended sediment levels.
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4 Suspended Sediment
Source Strengths

Dredging operations are sources of resuspended sediment because of the
hydraulic andmechanical actions of the dredge. Once introduced into the
water column, resuspended sediments are advected and dispersed into the near
and, ultimately, far field waters surrounding the dredge. Sediment resuspen-
dedas aconsequence of thedredging can redescribed in terms of aresus-
pended sediment source anditsassociated source strength. Depending upon
the type of dredge, different types of mathematical models can be used to
describe this source and its strength.

Source strengths are mathematically inferred quantities and not directly
measurable. The mathematical estimation of source strengths, even when
incorporating field measurements on resuspended sediment concentrations,
requires various assumptions. While these assumptions can be tested through
application of mathematical models of resuspended sediment transport and
deposition employing the estimated source strengths, the a priori descriptions
of the resuspended sediment sources and their strengths provided below have
not been verified and, therefore, must be considered as preliminary.

The estimation of resuspended sediment source strengths incorporates
information about dredge characteristics and resuspended sediment concentra-
tions in the immediate vicinity of the dredge or dredgehead. Of the several
IOMT dredge studies described in the preceding chapters, only those for the
butterhead and clamshell dredges have sufllcient information on which to
formulate a source strength model. These studies, because they included more
than one dredging operation for each of the dredge types, provide not only
correlation of resuspended sediment concentration, but also demonstrate the
specific influences of sediment properties, dredge characteristics, and dredge
operating parameters. The remaining studies on the dustpan, matchbox, and
hopper dredges do not provide such detail. Conceptual models for these latter
type of dredges could be envisioned, but would be highly speculative and of
limited utility since source concentrations could not incorporate dependencies
on dredge characteristics and sediment properties.
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Features of Source Model Structure

Thestrength of theresuspended sediment source, designated as R, is the
temporal rateat which mass (or weight) of sediment is introduced into the
near field waters surrounding a dredge as a consequence of a dredging activ-
ity.This source strength, as used here, describes the resuspended sediment in
excess of background levels; it is assumed that the source strength is indepen-
dent of such background suspended sediment levels.

The introduction of sediment into the water immediately surrounding the
dredge represents a mass (or weight) flux of resuspended sediment originating
from the source. This fluxcanbe expressed in terms of the product of rep-
resentative concentrations and velocities distributed over a source surface or
boundary. Calculation of the resuspended sediment source strength from
actual dredging data therefore requires a description of (a) the geometry of the
source and source boundary surfaces, (b) the fluid velocity structure or fluid
movement at the source boundaries, and (c) the resuspended sediment concen-
trations at the source boundaries.

Source geometry

For mathematical modeling and purposes of analytical analyses, a source
may be conceived as being concentrated at a point, along a line, or over a
surface. The choice of the geometric shape for a mathematically idealized
source is based upon the physical system being described and mathematical
convenience. Practical definition of source geometry must recognize the type
of data (field data in the present study) from which velocities and sediment
concentrations in and around the source are estimated. Because there is a
practical limit upon how small a region around a particular dredge can be
sampled, it is necessary to define the source strength using an approximating
geometry for the source. Different types of source geometries of finite size,
i.e., different source volumes, are therefore used in describing the source
strengths for various types of dredges.

Source concentration

Correlations for resuspended sediment concentrations in the immediate
vicinity of a dredge or dredgehead have been provided in Chapter 3 of this
report for both butterhead and clamshell dredges. These concentration corre-
lations are functions of dredge characteristics, dredge operation, and sediment
characteristics. The concentrations predicted by these correlations are the
concentrations presumed to exist on the surface of the conceptualized source
volume. Source volumes are defined so as to be consistent with the geometric
assumptions made in deduction of these concentrations from field studies. For
the butterhead dredge, the concentrations are those immediately surrounding
the butterhead itself; for the clamshell dredge, these concentrations are the
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vertical average concentrations about the axis of the vertical motion of the
clamshell bucket.

Velocity structure

The source models given below use a velocity that represents a fluid
motion creating a transporting flux of resuspended sediment away from the
surface of the source volume. This velocity, in general, is assumed to be the
net result of the particular velocities induced by the operation and motion of
the dredge bucket or dredgehead. Velocities induced by tides, currents, or
similar external fluid motions are not directly included because the velocity
field in the vicinity of the dredge is modified and disrupted by the dredge
operation. The fluid velocity in the near field about the dredge is a localized
velocity field defined in large measure by the configuration of the dredge and
dredgehead or bucket motion.

Model coefficients

Mathematical models of hydraulically related phenomena, such as sediment
resuspension, often incorporate unknown coefficients to account for effects or

parameters not readily quantified. Ultimate use of such models requires a
determination, usually by physical experimentation or field measurements, of
those coefllcients. The models formulated here limit the use of such coeffi-
cients for the following reason: the intended use of the present source
strength models is to provide a priori estimates of resuspended sediment
source strengths that can be initially used for numerical modeling of the resus-
pended sediment transport process, and, in addition, assist in identi~ing
parameter groupings that characterize the effects of source strengths. A priori
estimation cannot incorporate unknown coefficients; thus models must be
formulated which, although possibly crude, incorporate parameters that are
generally known or can be reasonably estimated.

Cutterhead Dredge

Source volume geometry

The resuspended sediment source volume geometry for a butterhead suction
dredge is taken as the dredgehead, approximated in its shape by a semi-
ellipsoid with its minor axis and major axis equal to the maximum radius and
length, respectively, of the butterhead. This geometry is the same as that pre-
viously used to define the inwardly directed butterhead suction intake velocity
~. and characteristic butterhead size L.

Because of the washofl of sediment from the butterhead, there develops a
zone of resuspended sediment concentration C about the butterhead, where the
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concentration C is given by the model of Equations 1 through 3. As a conse-
quence, the swinging motion of the butterheadcreates a moving resuspended
sediment source volume of magnitude VC~withavolumeaverageconcentra-
tionC. While the calculation of the concentration in this zone is based upon
the semi-ellipsoid source volume, the actual volume overwhichtheconcentra-
tionC may typically exist may OCCUPYa volume larger than vc~. The vertical
extent of his volume is (1 + kC~DC~,while the length of this volume in the
direction of the axis of the butterhead is (1 + k&)LC~; both kC~and k~~ < 1.5,

wherekC~and k~~are size factors for the diameter and length of the butter-
head, respectively. Inshallowwaters where(1+ kCJDC~exceedsthedepth
ofthewater,thevertical extent of the zone where the concentration is C
would be limited by the depth of water.

Velocity structure

The motionof the butterhead blades relative to overlying waters and eddy-

induced motions behind the swinging butterhead ladder wash sediment from
the butterhead blades and disperse it into the overlying waters. The rate at
which the washing proceeds and the rate at which water is sweeping by the
butterhead due to the combined motion of the swinging ladder arm and the
butterhead blades is characterized by the net velocity V~ofthe butterhead
blades near the top of the butterhead rotation. Thus, similar to the deductions
of Chapter 3,

Vt=vc+vx for overcutting (37)

Vt=vc-v$ for undercutting (38)

While Vf ‘is based upon the vector summation of velocities VCand V. at the top
of the butterhead, this velocity is viewed as a representative velocity at which
resuspended sediment is generally introduced into the water immediately sur-
rounding the butterhead because of the combined motion of the butterhead
ladder arm and the rotating butterhead. That is, for evaluation of source

strength, Vt isa representative washoff speed tending to convey resuspended
sediment away from the trailing side of the butterhead. ,

Source strength

At any moment during the period of swing of the butterhead ladder arm,
the total mass flux of resuspended sediment emanating from the semi-
ellipsoidal source volume is the result of the resuspended sediment passing
across a surface in the plane orthogonal to the motion of the butterhead ladder
arm, i.e., across a plane of height (1 + kCJDC~by length (1 + k~~LC~. Thus
the source strength is
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R = c VJ1 + kch]llch[1 + k:h]Lch (39)

in which C is given by Equations 1 through 3. If C is in mg/f, Vt in m/see,
andLC~andDC~in m units, then R willbeg/seeunits.IfC isinmg/i?units
whileVI is in fl/sec and LC~and DC~are in ~ units, then R will be in (mg/f)
(ft3/see) units, where 1 (mg/l)(ft3/see) = 0.0283 g/see.

SourcestrengthsascomputedfromEquation39forsomerepresentative
parametervaluesattheSavannahRiver,JamesRiver,andCalumetHarbor
IOMT dredgesitesarelistedinTable7.

Clamshell Dredge

Defining the resuspended source strength for the clamshell dredge requires
relating resuspended concentration conditions to characteristics of the clam-
shell bucket and its operation. Resuspended sediment concentrations are
related to these characteristics by Equation 36 for the open-bucket clamshell
dredge. A corresponding equation was not developed for the closed-bucket
clamshell dredge. Consequently, no attempt is made to identify the source
strength for a closed-bucket clamshell dredge. However, should such a corre-
lation be identified, its use to define dredge source strength would likely track
that for the open clamshell bucket dredge.

Source geometry

The source geometry for a clamshell dredge is idealized as a cylindrical

column of vertical height equal to the depth of water h in which the clamshell
dredge is operating. Because a clamshell bucket is approximately square in
the horizontal plane with area b2 and, as given by Equation 32, has an approx-
imate volume of b3/2, the effective cross-sectional area of the cylinder in the
horizontal plane is taken as b2 while its perimeter is taken as 4b, (Table 3).
Note that the ratio of this effective cross-sectional area to perimeter is b/4,
just as it would be for a circular cylinder. This geometry is only approximate
since turbulent mixing will cause the resuspended sediment to occupy a vol-
ume larger than the idealized cylindrical source volume. The increased vol-
ume can be approximately accounted for by increasing the effective size of the
bucket; this bucket size modification can be done after the resuspended sedi-
ment source strength for the actual bucket size is determined. Thus the devel-
opment to follow first assumes that the actual bucket size is used to describe
the source volume and resulting source strength. A postanalysis adjustment to
the computed source strength is then made to account for the increase in
effective bucket size due to turbulent mixing.
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Because of the way it was derived from field data, the concentration given
by the correlation of Equation 36 is the temporal vertical average concentra-
tion in the idealized center of the clamshell dredge; by assumption, this center
corresponds to the vertical axis of the cylindrical source volume about the axis
of rise and fall of the clamshell bucket. It is recognized that as dredging
progresses this axis may slowly move, but such movement is not specifically
accounted for in the following development.

Fluid and suspended sediment motions

The rising and falling motion of the clamshell bucket produces a pumping
type of motion, periodically forcing sediment-laden waters horn the source
volume. This motion is responsible for the introduction of resuspended sedi-
ment into the near field about the dredge. Effects of currents, if present,
would be accounted for in the far field modeling, which might use the source
strength model to be developed in the following.

The start of a typical cycle of bucket motion can be conveniently taken as
the time of bottom impact of a falling bucket; at this moment, time t = O.
The fluid motions resulting in the ejection of sediment outward across the
cylindrical source volume surface can then be described in terms of the
sequence of events over the time of a fill cycle of bucket operation from
t =0 tot= T, where T can be decomposed into the following fractions of
total cycle time:

~U= fraction of the cycle time over which the bucket is rising in the
water column

fd = fraction of the cycle time over which the bucket is falling in the
water column

fb = fraction of the cycle time for which the bucket rests on or is
dragged along the bottom

fO = fi-actionofthecycletimeforwhichthebucketiscompletelyoutof
thewater

where

f~+fd+fb+fO=l (40)

Note that as a practical matter, L is usually nearly O.

At time t = O, bottomsedimentisloosenedby thebucketimpactandthe
bucketclawsgathersedimentsintothebucket;attimet = fbi?, the bucket
beginstomove upward.Itisassumedthatloosenedmaterialsnottakeninto
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the bucket remain near the bottom and do not significantly contribute to the
sediment that passes across the surface of the source volume. The source of
sediments moving across the surface of the source volume are assumed to be
primarily those draining from the bucket because of bucket leakage, washoff,
or overflow as the bucket is lifted upward at an assumed constant velocity VU,
where

vu = h/& 7) (41)

As the bucketisliftedupward,sedimentsdraininghornthebucketfillthe
watercolumnbelowthebucket.Becauseoftheinducedturbulence,theresus-
pendedsedimentsareuniformlymixedinthewatercolumnbelowthebucket.
When thebucketfinallybreaksfreeofthewatersurfaceattimet =
VU + &)T,theentirecylindricalsourcevolumeisfilledwithresuspended
sedimentwithanaverageconcentrationCU. Inthisidealizedview,thewaters
abovethebucketremainfreeofresuspendedsediments.The massraterof
sedimentdrainagefromthebucketisassumedtobeconstant,sothatatany
time~themassmU of sedimentsinthewatercolumnbelowthebucketisgiven
by

mU =r(t-fbz) (42)

The volume over which this mass of sediment is distributed is given by
VU(t = fin b2, from which it follows that the volume average concentration,
say CU,the concentration below the bucket during the rise, at any time during
the period of bucket lift is

‘U= [vub2~-f#j

But since

mU
r=

(t - fbn

(43)

(44)

fromEquation 42,
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r
Cu =

VU b2
(45)

Thus the concentration CUthroughout the period of lift is a constant and
therefore

Cu = Cu (46)

This conceptual view of the accumulation of suspended sediments in the
source volume neglects the return of sediments from surrounding waters
because of the inward motion of fluid due to the lifting of the bucket. The
neglect of this sediment recapture is considered reasonable because of the
advection and dispersal of sediments away from the bucket during the next
period of bucket fall.

Once the bucket begins to fall, at an assumed constant rate of v~, where

(47)

all the suspended sediment beneath the bucket in the source volume at the time
t = & + ~U+ ~)T must be ejected from the source volume by the end of the
cycle at t = T when the bucket reaches the bottom if it is assumed the water
directly above the bucket remains essentially devoid of suspended sediment.
Bucket sediment washoff during the bucket fall is neglected; its magnitude is
considered small in comparison to the sediments accumulated in the water col-
umn during the bucket rise. Because both the fall velocity of the sediments
and the time ~OTcan be expected to be small, the concentration in the source
volume at t = ~~ + ~ + ~) T is set equal to C’u,the concentration at t =
& + ~u)T. Consequently, the total suspended sediment mass ejected over the
period of fall must be C#2h.

However, the sediment ejected is the strength of the source. Therefore
the average source strength 2? over the complete cycle of the bucket motion
must be

R = CV b2 hlT

Thus to determine the source strength R, the concentration CUmust be
determined.

(48)
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Source concentration

The concentration given by the correlation of Equation 36 is the temporal
vertical average concentration for the source; it defines this average concen-
tration C in terms of bucket size and operation. Thus to determine the
strength R given in Equation 48 in terms of bucket size and operation, it is
necessary to express Cu in terms of the temporal vertical average concentra-
tion C. This is accomplished through the steps outlined in the following
paragraphs.

Fromt=&~+~U +~O)Ttot= T’,the bucket is falling at an assumed
constant velocity Vd(Equation 47) forcing sediment-laden water outward and
away from the source volume by flow across the source volume surface with a
spatial average radial velocity VT,where by continuity

v,4b{h - v~[t - & + f. + fo)m = Vdb2 (49)

(Note that the product of the radial velocity and surface area of the source
volume is a constant because v~ is an assumed constant.) If it is assumed that
the resuspended sediment concentration, say cd, at any time during the bucket
fall v~ies linemly from c~ at time t = (f~+ fu + fO)~to some due CT at

timet = T,thenitcanbedemonstrated,asfollows,that

CT = Cu (50)

To demonstrate the equality of Equation 50, consider the following: if it
is assumed all suspended sediment must be forced out of the source volume by
the time the bucket reaches the bottom, the total sediment mass ejected during
the duration of time fdT must be C#2h. Because of the assumed linear vari-
ation of concentration, the concentration at any moment is

(51a)

where

f ‘ = [(w - w, +f. + fo)lv~= [(ml - (1 - f~)ly~ (Sib)

That is, ~’ = O when cd = Cv and f‘ = 1 when cd + CT The instantaneous
total mass flux, A4d,across the source volume surface becomes, in view of
Equation 47
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ikfd = Cd Vd b2 (52)

Integrating Equation52 over the period of bucket fall yields the total sediment
mass, which must also equal the total sediment mass at the instant the bucket
begins its downward motion; thus

/

1
T

fb+fu+f.

Using cd from
tion 53 results

Ikid d(t/7) = 1 T Cd Vd b2 d(tll) = Cu b2 h (53)
fb+fu+f.

Equation 51 in the integration of the second integral of Equa-
in, after simplification,

(54)

or, substituting Vdfrom Equation 47,

which demonstrates the equality of Equation 50. The equality exists because
of the assumption that cd varies linearly during the period of bucket fall.
Thus, the concentration is constant during the period of bucket fall.

Because of the equality demonstrated by Equation 50, the concentration
conditions beneath the bucket can now be readily averaged over the vertical
height of the source volume and the duration of the cycle time to yield the
temporal vertical average concentration C. of the resuspended sediment
source. Since the bucket rises and falls at a constant rate and the resuspended
sediment is assumed to be only below the bucket, this average is computed to
be

Ca =

or

Cu “
2ca

VU+zfo+fd)

(55a)

(55b)
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Consequently the source strength becomes, using Equation 48

2ca
R = b2(h17)

Vu+zfo+fd)
(56)

The average concentration C. computed in Equation 55a is based upon a
source volume with cross-sectional area b2, but, as previously noted, the
resuspended sediments, because of turbulent mixing, are not restricted to the
volume directly beneath the bucket. Because of mixing, the effective cross-
sectional area of the source volume can be described as (1 + kCJb2, where
kc~, the size factor for the diameter of the clamshell bucket, is an empirical or
experimentally estimated factor. Observations by Bohlen (1978) suggest that
1 + kC~might on the order of 2 or 3. Because of this increased volume size,
the average concentration Cthat would be actually observed in the source
volume region would be less than Ca because the mass assumed to be in the
area b2 would be in fact spread over the area (1 + kCJb2. Thus, Equation 56
is modified to

R = 2b2(h/7)(1 + kCJ
c

(L+zfo+fd)
(57)

The concentration of C of Equation 57 is also the concentration of
Equation 36, the observed source concentration in the immediate vicinity of
the bucket. Thus using the correlation of Equation 36,

R/(p X 10-6) = 0.0023b2(l + kCJ(b/v#)3 [~~n:~::l’58)
Some source strengths for representative values of clamshell dredge

parameters as computed from Equation 37 are listed in Table 6. The param-
eters selected correspond to the open clamshell dredges studied in the IOMT
program whose characteristics have been listed in Table 3.
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5 Summary

Sediment resuspension by dredging is of concern because of the potential
release of contaminants ffom bottom sediments, alteration of the physical and
chemical characteristics of overlying waters, and subsequent resettling of sedi-
ments in environmentally sensitive areas. Bottom sediments introduced into
overlying waters in the immediate vicinity of an operating dredge are advected
and dispersed about the area of dredging by dredging-induced fluid motions
and ambient currents and tides. This study focuses upon the near field area
immediately surrounding a dredge and only incidentally considers points in the
more distant far field. Because of the complexity of dredging-induced resus-
pension, both field measurements and mathematical modeling are used to
describe the resuspension and subsequent transport processes.

Field measurements ondredging-induced resuspended sediment concentra-
tions at nine inland andcoastal dredging sites across the United States have
been previously made, over the period of 1982to 1985, under the Improve-
ment of Operation and Maintenance (IOMT) Research Program. The dredge
types studied were the butterhead suction dredge at the Calumet Harbor,
James River, ad Savamah River sites, thematchbox dredge atthe Calumet
Harbor site, thedustpan dredge atthe Jmes River site, thehoppertiedge
with and without overflow at the Grays Harbor site, the open-bucket clamshell
dredge atthe Black Rock Harbor, Calumet River, Duwamish Waterway, Lake
City, and St. Johns Riversides, andtheclosed-bucket clamshell dredge at the
Lake City and St. Johns Riversides. These data were examined in this study
for two purposes: (a) estimation of thedredging-induced resuspended sedi-
ment concentrations at or very near the actual point of dredging as a function
of the dredge and dredge operating characteristics and sedime’nt properties and
(b) development of mathematical models providing a priori estimates of the
temporal rate of sediment mass generation by the dredge at the point of dredg-
ing. The resulting correlations are based upon field data limited by both
quality and availability. Further, the mathematical models proposed for sedi-
ment generation rates are based upon a combination of the concentration
correlations and physical reasoning and assumptions; consequently, these
models must be viewed as rudimentary and unverified.

Resuspended sediment concentrations at various points in the flow field
about a dredge were obtained from tleld measurements by subtracting estimat-
ed background concentrations (i. e., concentrations that would exist in the
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absence of dredging) horn measured total suspended sediment concentrations.
These net concentrations were used to estimate the resuspension levels at the
idealized dredging point. In the case of the butterhead, dustpan, and match-
box dredges, data collected in very close proximity to the dredgehead could be
used to make this estimation. The operational features of the remaining
dredge types prevented field measurement extremely close to the dredging
device (either a draghead or dredge bucket). For these dredges, concentration
data at various distances from the dredge were averaged or smoothed in space
and time to permit extrapolation of concentrations inward to the idealized
dredging point.

Sediment resuspension by butterhead suction dredges at a particular site is
strongly dependent upon the swing speed of the ladder arm supporting the
butterhead, the rotational speed of the butterhead blades, and the intake suction
velocity at the butterhead. Some directional sensitivityy to ladder arm swing
direction apparently exists and is reflected in higher resuspension levels in
overcutting modes (when the butterhead blades at their highest point are turn-
ing in the same direction as the ladder swing) versus those in an undercutting
operating mode (when the butterhead blades at their highest point are turning
in the opposite direction to the ladder swing). As evidenced by resuspension
levels at different study sites ranging, collectively, from approximately 2 to
300 mg/t, resuspension is also influenced by the typical sediment particle size
distribution of the sediments being dredged. These various parameters can be
combined in dimensionless groups and correlated with resuspension concentra-
tions observed close to the dredgehead. Cutterhead burial also affects the
amount of resuspension. Both partial-cut and buried-cut dredging increase
resuspension above that for fill-cut dredging (when the top of the dredge
butterhead is at the mudline); a preliminary quantification of these impacts is
provided.

The matchbox and dustpan dredges were proposed for field study in the
IOMT program because of their reported potential to reduce resuspension
levels in comparison to those produced by a butterhead suction dredge. While
matchbox and dustpan dredges rely upon fluid suction to collect bottom sedi-
ments as do the butterhead suction dredges, neither the matchbox nor dustpan
dredge employs rotating butterhead blades to loosen and dislodge bottom
sediments. However, difficulties in collecting data and inexperience in the
actual operation of these two dredge types prevented a comprehensive quanti-
tative evaluation of resuspension by these dredges at the study sites. The
limited data are inconclusive as to the general effectiveness of these two
dredge types in reducing resuspension in comparison to the resuspension
produced by a butterhead suction dredge.

The one hopper dredge studied in the IOMT program provided insight into
the increases in resuspended sediment concentrations as a consequence of
intentional overtlow of the dredge hoppers. The estimated concentration level
in the immediate vicinity of the dredgehead on the dragarm beneath the dredge
was approximately 146 mg/1 which, when averaged over the vertical depth of
overlying waters, yielded a value of about 13 mg/f. When overflow from the
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dredge hoppers was allowed, thedepth-averaged concentration increased about
thirtyfold to 355 mg/1.

Clamshell dredges use both closed- (i.e., watertight) and traditional open-
bucket designs. Theclosed-bucket designs, twoofwhich were s~diedat
IOMT sites, seek to limit the overflow and leakage from the bucket as it is
drawn upward in the water column and thereby lessen the introduction of sedi-
ment into the water column in comparison to the open-bucket clamshell, from
which overflow and leakage are significant. However, difficulties in the oper-
ation and data collection for the closed-bucket dredges in the IOMT studies
prevented a comprehensive evaluation of the closed-bucket designs. Estimated
depth-averaged concentrations along the axis of bucket entry and withdrawal
were in the 50- to 500-mg/l range for both open and closed buckets. In the
examination of open-bucket resuspension, certain parameters were concluded
as being important in the characterization of the resuspension. Values for
these parameters were not available for the closed buckets. Therefore, evalua-
tion of impacts of clamshell dredge operation on resuspension focused upon
the traditional open-bucket design.

Physical reasoning about the nature of the operation of an open-bucket
clamshell dredge suggests that, among other factors, the bucket cycle time,
bucket size, and sediment fall velocity are particularly important to the resus-
pension of sediment in the zone surrounding the axis of bucket rise and fall.
A dimensionless grouping of these parameters could effectively correlate
depth-averaged concentration data from the sites for which the values of these
parameters were available. The correlation, furthermore, demonstrates a
physically realistic dependence upon settling velocity, bucket size, and cycle
time,

The amount ofdredging-induced resuspended sediment can be describedin
terms of thetemporal rate ofsediment mass resuspended at the idealized point
of the dredging. This sediment source is characterized in terms of a source
volume of a particular geometry and source strength. Using a combination of
physical reasoning, various reasonable but approximating assumptions, and the
concentration correlations developed for the butterhead and open clamshell
dredges, resuspended sediment source models were formulated for both the
butterhead dredge and the open-bucket clamshell dredge. For the butterhead
dredge, the source geometry is an semi-ellipsoidal volume surrounding the
butterhead. For full-cut dredging, sediment is carried through the surface of
this volume primarily by the net washoff of sediment from butterhead blades
produced by the combined motion of butterhead blade rotation and butterhead
ladder swing. Forthe clamshell dredge, the source is acylinder about the
axis of bucket rise and fall. Sediment draining from a rising bucket accumu-
lates in the cylinder and is then forced outward from the cylinder due to the
downward motion of the falling bucket as it begins another cycle. The source
strength is obtained by averaging the effects of this pumping-like motion over
a typical cycle of the bucket operation.
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The study provides an overview ofresuspended sediment concentrationsin
the immediate, localized near field zone ofcetiain t~esoftiedges stidiedin
the IOMT program, In the case ofcutterhead dredges andopen-bucket clam-
shell dredges, these concentrations have also been quantitatively correlated
with parameters characteristic of the dredge, its operation, and thesiteofitx
operation. The models proposed for estimating resuspended sediment genera-
tionat the dredge provide insight into the impact ofdredge and dredge opera-
tion on sediment resuspension. They also provide astarting point for amore
thorough analytical evaluation of the entire resuspension, transport, anddepo-
sitionprocess.

Well-defined and controlled field studies are needed to refine and improve
the correlations identified and mathematical models proposed in this study and
evaluate the effects of different types of dredges other than the butterhead
dredge andopen-bucket clamshell dredge. Focused laboratory studies on the
phenomena of butterhead blade washoff and mixing around rising and falling
cylinders may provide additional insight into the resuspension by, respec-
tively, thecutterhead dredge andthe clamshell dredge. The resuspended
sediment source models developed in this study need to be critically examined
through analytical or numerical modeling of the entire flow field around a
dredge and comparison of the modeling results to field data measured at the
IOMT sites either previously studied or that might be studied in the future.
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Table 4

Full-Cut Parameter Variation

Site and Type of Cut Average u Standard Deviation of u F (fw) x 104

Calumet Harbor

Full cut -1.050 0.160 0.0892 2.7928 I

Savannah River

Partial cut -0.556 0.545 0.278 9.4223

Buried cut 1.229 0.598 16.94

Estimated

Full cut -0.824’ -- 0.15

James River
Full cut 1.914 0.439 82.1 12,368

1 Computed from F.

Table 5

Full-Cut Dredging Function Correlation Statistics

Standard Error in Estimate
Data Set of log c Number of Observations ?

Savannah River
Partial cut 0.5321 25 0.2826
Buried cut 0.5914 27 0,3208
Partial & buried cut 0.5679 52 0.5661

James River 0.3976 21 0.003
Calumet Harbor 0.1491 12 0.7240

Savannah River partial
& buried cut +

Calumet Harbor 0.5153 64 0.5714

Savannah River partial

& buried cut + Calumet

Harbor + James River 0.5619 85 0.5563

Note: C = Resuspended sediment concentration; ? = correlation coefficient.



Table 6

Representative Resuspended Sediment Source Strengths for Open-

Bucket Clamshell Dredges

Parameter Black Rock Harbor Site Calumet River St. Johns River

b, ft 8.14 8.14 5.74

~dl 0.4 0.4 0.4

~ol 0.1 0.1 0.1

f“
h, ft 20 27 18

T, sec 40 60 43

V. x 103 (ft/see) 3.507 4.314 5.143

1 + kC~’ 2 2 2

C, mglt’ 449 72 285

R, gramslsec 1,684 243 445

‘ Assumed values.

Table 7

Representative Resuspended Sediment Source Strengths For

Cutterhead Suction Dredges

Site

Parameter Calumet Harbor James River Savannah River

L/d 27,928 123,680 94,223

VJV, 2 0.8 1,6

V/v, 8 9 9

D 1 1 3.2

F 0.0892 82.1 16,94

u -1.050 1.947 1.229

v 2.848 2.848 2.848

w 1.022 1.022 1.022

Vt, ftlsec 5 4 4

D ch 3 5 6

L ch 2.5 5.08 5

1 + kch 1.75 1.75 1.75

1 + /c;h 1.25 1.25 1.25

C, mglt’ 5.4 411 594

R, gramslsec 13 2,858 4,413
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